OBJECTIVES: Despite improvement in operative and cerebral perfusion techniques, cerebral malperfusion and neurological injury remain a dreaded complication of acute type A aortic dissection. We aimed to identify predictors for postoperative stroke and analyse the impact on morbidity, neurological recovery and mid-term survival.
INTRODUCTION
Although survival after surgical repair of acute type A aortic dissection (AAD) has improved significantly over the last 2 decades, cerebral malperfusion still remains a challenging complication of the disease. Hypotension, impairment of cerebral perfusion due to true lumen compromise and thromboembolism are believed to be the underlying mechanisms of cerebral ischaemia in AAD. As a consequence of cerebral malperfusion, 20-30% of patients show initial neurological symptoms and up to 10% of patients present with stroke on admission [1] [2] [3] . Despite the recent classification of several risk factors for stroke in the setting of AAD and improvement in cerebral perfusion techniques, incidence of postoperative cerebral injury still varies from 2.9% to 30.4% [4] [5] [6] [7] [8] [9] [10] . A better understanding of the risk factors and predictors for postoperative stroke is needed to combat this complication and find better ways to avoid persistent neurological deficits. Therefore, we aimed to identify additional predictors for postoperative stroke and analyse its impact on morbidity, neurological recovery and mid-term survival.
MATERIALS AND METHODS

Study population
A review of the institutional database revealed 303 (71.9% men, mean age 58.9 ± 13.6 years) patients undergoing surgical repair for AAD between January 2000 and July 2017. There were no significant differences in demographic data and outcomes during the long period of enrolment, and we categorized the study period as early (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) and late (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) ) (see Supplementary Material). Patients suffering from iatrogenic AAD (n = 9), chronic aortic dissection (n = 2) or not undergoing surgery (n = 27) were excluded. All clinical and imaging data were retrospectively evaluated. Patient characteristics are listed in Table 1 .
Preoperative evaluation
All patients were evaluated by a cardiac surgeon. The presence of malperfusion syndrome-cerebral (n = 17; 5.6%), myocardial (n = 24; 7.9%), abdominal (n = 24; 7.9%) or limb malperfusion (n = 24; 7.9%)-was evaluated by computed tomography (CT) scan, physical examination, laboratory values and electrocardiogram. Preoperative neurological abnormality was defined as the presence of syncope (n = 5; 1.7%), seizure (n = 6; 2%), somnolence or coma (n = 3; 1%), dysarthria (n = 4; 1.3%), amaurosis (n = 4, 1.3%), paraesthesia or paresis (n = 24; 7.9%).
Imaging studies
All preoperative CT scans were evaluated to define the extent of the dissection and involvement of the supra-aortic vessels. The innominate trunk and the left and right carotid arteries were screened for the presence of dissection and true lumen compromise. Patients were divided into 2 groups according to the perfusion of the true lumen: patent and partial or complete occlusion.
Operative techniques
Surgical repair. A primary tear-oriented repair during circulatory arrest with an open distal anastomosis was performed. If an entry tear was located in the descending aorta, a thoracic stent graft was implanted during circulatory arrest. Coronary artery bypass grafting was performed in case of dissection of the coronary arteries or the presence of severe palpable or visible calcification in combination with signs of myocardial ischaemia.
Arterial cannulation site. Arterial access was gained either through the femoral artery (48%, n = 145) or through the right axillary artery (45%, n = 136). Direct cannulation of the ascending aorta (5%, n = 16) or right carotid artery (2%, n = 6) was performed rarely (Table 2) .
Hypothermic circulatory arrest and cerebral perfusion.
In 10 (3.3%) patients with DeBakey II dissection, an anastomosis was performed without circulatory arrest. The mean core body temperature was 20.9 ± 3.5 C in the rectum and bladder. Straight deep hypothermic circulatory arrest (core body temperature < 20 C) without additional cerebral perfusion was performed in 15.2% (n = 46) of patients. An antegrade cerebral perfusion technique was used in 66.7% (n = 202) of patients by inducing cold blood (20) (21) (22) (23) (24) (25) C) at a flow rate of 10 ml/kg/min body weight. An arterial cannula was inserted in the axillary artery or a separate cannula was inserted into the innominate trunk and/or the left carotid artery during hypothermic circulatory arrest to access the treatment site. Cerebral perfusion via a retrograde catheter was used in 14.9% (n = 45) of the patients in the early study period. For this purpose, an angled cannula was inserted into the superior vena cava, which was snared during hypothermic circulatory arrest and cold cerebral perfusion was performed in a retrograde fashion.
Study end-points and outcome analysis
The primary end-point of this study was the occurrence of stroke after surgical repair for AAD. Stroke was defined as the permanent loss of neurological function on physical examination and/or brain injury detected during CT or magnetic resonance imaging scan.
The secondary end-point was postoperative complications and morbidity, in-hospital mortality and neurological impairment during follow-up.
Renal failure was defined as the need for either haemofiltration or dialysis due to acute or acute-on-chronic renal insufficiency. Tracheotomy was performed in patients with prolonged ventilator support and failure to be weaned from the respirator. Revision due to bleeding was defined as rethoracotomy due to significant blood loss via chest tubes or haemodynamic compromise due to haematoma. Extracorporeal life support was defined as the implantation of a venoarterial extracorporeal membrane oxygenation.
Follow-up analysis
Information on follow-up was collected either in the outpatient clinic by telephone calls or from the Austrian Civil Registry Office. Follow-up duration is described as the mean duration throughout the entire cohort. In case of death of a patient, follow-up of the individual patient ended with the date of death.
Statistical analysis
Continuous variables were expressed as mean ± standard deviation and categorical variables as frequencies with corresponding percentages. Differences were tested by means of the v 2 test.
If observed frequencies were less than 5, the Fisher's exact test was used for categorical variables. The Student's t-test was used to compare continuous variables. To identify the predictors for postoperative stroke, stepwise univariable and multivariable logistic regression analyses were performed. All variables listed in Table 3 were considered. Variables with a cut-off P-value of <0.05 in the univariable testing were included in the multivariable model. To investigate whether postoperative stroke is associated with in-hospital mortality, we performed univariable and multivariable regression analyses, considering variables with a P-value <0.05 as listed in Table 4 . To eliminate a potential biasing effect on the results due to significant differences regarding preoperative characteristics, we adjusted for preoperative intubation, preoperative cardiopulmonary resuscitation (CPR), preoperative malperfusion and preoperative neurological abnormality. Results were displayed as odds ratio (OR) with 95% confidence interval (CI) and P-values. For analysing long-term survival, the KaplanMeier curves were calculated, and the groups were tested by the log-rank test to describe differences in survival. A 2-sided P-value of <0.05 was defined as statistically significant. Statistical analysis was performed using SPSS 24.0 (IBM Corp., Armonk, NY, USA). The institutional review board approved this study.
RESULTS
Demographics and preoperative neurological dysfunction
The overall prevalence of postoperative stroke was 15.8% (n = 48).
Patients with postoperative stroke were in a more critical state on admission with higher rates of preoperative CPR (stroke: 18.8% vs no stroke: 3.5%, P < 0.001) or malperfusion syndrome (stroke: 47.9% vs no stroke: 22.4%, P < 0.001) ( Table 1) . Preoperative neurological impairment was present more often in patients with postoperative stroke (stroke: 25% vs no stroke: 11.8%, P = 0.022). Of the 12 patients with preoperative neurological abnormalities and postoperative stroke, the majority (n = 7, 58.3%) of the patients Dissection pattern, location and predictors for postoperative stroke
Evaluation of the supra-aortic vessels revealed dissected branches in 69% (n = 202) of the patients preoperatively. Patients with postoperative stroke had higher rates of preoperative partial or complete occlusion of the right carotid artery (stroke: 27.1% vs no stroke: 12.9%, P = 0.026) ( Table 5) .
Patients with postoperative stroke were diagnosed via scans within first 5 days postoperatively, revealing bilateral lesions in 45.8% (n = 22), right hemispheric infarction in 39.6% (n = 19) and isolated left hemispheric injuries in 14.6% (n = 7) only.
Multivariable analysis identified the presence of bovine aortic arch (OR 2.33, 95% CI 1.086-4.998; P = 0.030), preoperative CPR (OR 6.483, 95% CI 1.522-27.616; P = 0.011) and preoperative malperfusion (OR 2.536, 95% CI 1.238-5.194; P = 0.011) as independent predictors for postoperative stroke. Impaired perfusion of the right carotid artery showed a strong trend towards statistical significance in multivariable analysis (Table 3) .
Surgical treatment
Surgical data did not differ between the patient groups in terms of surgical repairs and performance of additional procedures (Table 2 ). In patients with postoperative stroke, arterial access was less commonly gained via the axillary artery (stroke: 31.3% vs no stroke: 47.6%, P = 0.040) and cardiopulmonary bypass time was significantly longer (stroke: 283.8 ± 133 min vs no stroke: 235 ± 82 min, P = 0.017). 
Postoperative outcome and in-hospital mortality
The presence of postoperative stroke had a significant impact on postoperative morbidity (Table 6 ). Patients with stroke had higher rates of postoperative tracheotomy due to weaning failures and the prolonged need for assisted ventilation (stroke: 18.8% vs no stroke: 5.9%, P = 0.006). Furthermore, stroke patients experienced kidney failure requiring haemofiltration or dialysis (stroke: 47.9% vs no stroke: 27.5%, P = 0.006) and multiorgan failure (stroke: 22.9% vs no stroke: 9.4%, P = 0.013) more frequently. Intensive care unit stay was significantly longer in patients with stroke (stroke: 18 ± 16 days vs no stroke: 10 ± 15 days, P = 0.003). Overall hospital mortality was 13.2% (n = 41), with a trend towards higher rates in patients with postoperative stroke (stroke: 22.9% vs no stroke: 11.8%, P = 0.062). Reason for death in patients with postoperative stroke was multiorgan failure in 6 (54.6%) patients, massive brain oedema or haemorrhagic conversion of stroke in 4 (36.4%) patients and myocardial infarction in 1 (9%) patient. Eleven (3.6%) patients needed extracorporeal life support due to low output syndrome postoperatively. One patient underwent heart transplantation and survived, 5 patients were successfully weaned and 5 patients died within the first postoperative days on extracorporeal life support.
In contrast to multiorgan failure (adjusted OR 14.519, 95% CI 4.941-42.665, P < 0.001), postoperative stroke was not independently associated with hospital mortality (adjusted OR 1.382, 95% CI 0.518-3.687; P = 0.518) ( Table 4) . Of the 48 patients with stroke, 11 (22.9%) patients died during intensive care unit stayneurological symptoms could not be evaluated due to deep sedation in 7 patients, and 4 patients had tetraparesis. The remaining 37 patients were discharged from the hospital. One of the surviving patients had to undergo trepanation due to haemorrhagic conversion of stroke. The majority of the survivors (86.5%, n = 32) had persistent neurological symptoms after discharge. In 22 (68.8%) patients, new permanent neurological symptoms were present postoperatively, in 7 (21.9%) patients, permanent symptoms were similar to preoperative neurological impairment and in 3 (9.3%) patients, permanent neurological disorders differed from preoperative neurological symptoms.
Neurological recovery and long-term outcome
The mean follow-up period was 43.1 ± 52.7 months. Follow-up was completed in 91.1% of the patients. A total of 27 (8.9%) patients were lost to follow-up after returning to their home countries. Overall mortality was 24.4% (n = 74) [stroke: 29.2% (n = 14) vs no stroke: 23.5% (n = 60)]. Overall survival was 81.5 ± 2.4%, 78.7 ± 2.6% and 76.4 ± 2.8% after 1, 3 and 5 years, respectively. There was no statistically significant difference in mid-term survival (Fig. 1) . Follow-up was complete in all patients with postoperative stroke. Full neurological recovery was obtained in 51.4% (n = 19) of the patients with postoperative stroke. Eighteen (48.6%) patients had persistent neurological dysfunction: paresis in 15 (83.3%) patients, recurrent seizures in 2 (11.1%) patients and coma in 1 (5.6%) patient. There was a clear trend towards persistence of neurological dysfunction in patients who had bilateral cerebral lesions (bilateral: 61.1% vs unilateral: 38.9%, P = 0.070).
DISCUSSION
This study reveals an incidence of postoperative stroke in 15.8% of patients. Patients with postoperative stroke were in a more critical state on admission and presented with neurological impairment more frequently. Stroke emerged as a critical complication after the operation and was associated with higher hospital morbidity, longer hospital stays and persistent neurological impairment.
Management of cerebral malperfusion and preoperative neurological symptoms has been evaluated by various groups [2, [11] [12] [13] . Data regarding stroke, especially postoperative stroke after surgical repair for AAD, are scarce. Bossone et al. [14] presented the largest cohort of patients with stroke and AAD, who were treated either surgically or medically. Patients presenting with stroke were older, had more comorbidities and more frequent signs of malperfusion and syncopes. In our surgical cohort, patients with postoperative stroke presented in a more critical clinical state and neurological symptoms were often detected in these patients. Focal neurological deficit may already act as a precursor of cerebral malperfusion or stroke. Contrary to others, preoperative neurological deficits were similar to postoperative impairment in the majority of the patients. Due to significant improvements in emergency medicine and diagnosis of AAD, surgical repair was initiated within 6 h after the onset of symptoms in these patients. Because of this short interval, preoperative cranial CT scans have most likely failed to detect cerebral ischaemia and therefore might even underestimate the prevalence of stroke on admission.
In contrast to the data taken from the German Registry of Acute Aortic Dissection type A (GERAADA), we clearly identified preoperative CPR as the risk factor for postoperative stroke [1] . It is tempting to assume that in AAD, the central nervous system is even more prone to irreversible damage due to ischaemia, as a consequence of hypotension due to cardiac arrest and compromised blood supply due to dissected supra-aortic vessels. Although arch vessel involvement was described as a clinical correlate for stroke and was found to be associated with new postoperative neurological deficit, we were unable to show an impact of arch vessel involvement on postoperative stroke [1, 14] . Interestingly, prevalence of the involvement of the supra-aortic vessels in the setting of AAD varies from 28% to 73% [15, 16] . Similar to Czerny et al. [16] , we reported a rather high rate of dissected supra-aortic vessels of 69%. Evaluation of perfusion revealed a higher incidence of partial or complete occlusion of the true lumen of the right carotid artery in patients with postoperative stroke. This is in line with Most et al. [17] , who showed higher incidence of occlusion of the right carotid artery in patients with persistent neurologic deficits. Partial or complete occlusion of the supra-aortic vessels emerged as an independent predictor for perioperative cerebral malperfusion in a recent study by Furukawa et al. [4] . In our study, impaired perfusion of the right carotid artery was associated with postoperative stroke in univariable analysis and showed a trend towards statistical significance in the multivariable model. Further studies in a larger patient cohort are warranted to clarify the dissection patterns of the supra-aortic vessels and the subsequent impact on postoperative stroke.
Consistent with higher rates of impaired perfusion of the right carotid artery, the literature reveals ischaemic cerebral lesions in the setting of an AAD mainly in the right hemisphere [2, 3, 18] . It has to be emphasized that these data also include preoperative strokes. Because of a flexible approach towards diagnostic imaging, CT or magnetic resonance imaging scan was taken in all patients within 5 days postoperatively, once neurological performance was unclear and analysis of the location of ischaemic injuries could be provided. In contrast to all other studies, cerebral lesions were most frequently located in both hemispheres. Due to the pattern of lesions it may be assumed that thromboembolism plays a much more important role in the mechanism of postoperative strokes than is believed. It is striking that patients with lesions located in both hemispheres had persistent neurological impairment more frequently. Further studies are needed to rule out whether the dissection itself or surgical perfusion techniques that cause embolism resulting in bilateral lesions.
While antegrade cerebral perfusion emerged as the preferred perfusion strategy in most centres, the choice of access site for arterial cannulation remains an ongoing topic. Etz et al. [19] analysed the impact of antegrade versus retrograde perfusion in AAD patients. The study failed to show differences in hospital mortality and early postoperative outcomes based on the perfusion strategy [19] . In terms of the cannulation strategy and stroke incidence, the article by Haldenwang et al. [20] reported the lowest stroke incidence in a patient cohort with axillary cannulation, but femoral cannulation did not emerge as an independent risk factor for stroke. In our study cohort, femoral cannulation was performed more frequently in patients experiencing postoperative stroke. A possible explanation for this finding was a more critical state on admission and an easier and quicker arterial access via the groin vessels. Based on the results of this study in AAD, a conclusive answer on the question of arterial cannulation sites and postoperative stroke cannot be given.
Postoperative stroke is accompanied with increased hospital morbidity. Consistent with Most et al. [17] , patients with neurological impairment due to stroke could not be weaned from the ventilator as quickly and therefore undergo tracheotomy more frequently. In our cohort, patients with postoperative stroke had additional higher rates of concomitant organ failures. It might have been because of the critical condition of the patient on admission or longer CPB times that cause acute kidney injury requiring haemodialysis or haemofiltration. Interestingly, patients with stroke were taken back to the operation room for rethoracotomy due to bleeding more often than patients without stroke. This might be caused by early coagulation disorders which were associated with longer CPB times in patients with stroke. The fact that some patients were haemodynamically compromised requiring inotropic support and needed additional red blood units or coagulation factors might also have had an impact on secondary organ function. Once ischaemic stroke was diagnosed in this cohort, a more aggressive anticoagulation regimen including intravenous heparin and platelet inhibitors was administered. Therefore, higher rates of rethoracotomy were probably not directly associated with postoperative strokes but with the therapeutical consequence of stroke.
Considering all these complications together, it is clear that the intensive care unit stay, and thus the hospital stay, was prolonged in patients with postoperative stroke. As Most et al. [17] have reported, hospitalization was longer and in-hospital mortality was higher in patients with postoperative persistent neurological deficits. Similar to the study by Most et al. [17] , data from the GERAADA registry depicted higher 30-day mortality in patients with new postoperative neurological dysfunction [1] . In our study, there was a trend towards higher death rates during in hospital stay in patients with postoperative stroke. We presented a robust multivariable model for in-hospital mortality considering important preoperative parameters that reflect a more critical clinical state. After adjustment for potential confounders in a multivariable analysis, the presence of postoperative stroke did not reach the level of statistical significance as a risk factor for in-hospital mortality. In our understanding, it appears that a combination of different factors-preoperative as well as postoperative-lead to worse hospital survival and not the presence of postoperative stroke alone.
Despite higher rates of postoperative complications, mid-term survival did not differ between the patient groups. Similar data have been reported by Tanaka et al. [18] . More than half of the cohort showed full neurological recovery during follow-up. All patients were transferred to a specialized neurological rehabilitation facility and underwent extensive training for at least 6 weeks. Comparing neurological improvement with location of neurological lesions, we found a worse trend towards neurological recovery in patients with bilateral cerebral lesions. Unfortunately, data on neurological recovery during follow-up are very scarce in the literature. Most et al. [17] reported a significant improvement of neurological symptoms during follow-up in their cohort of patients presenting with new-onset neurological deficits in the setting of AAD. According to Morimoto et al. [21] , lack of neurological improvement is clearly associated with poor long-term survival.
Limitations
This study reflects a single-centre experience of a limited number of patients. Because of the small sample size and limited number of events (malperfused organ systems, strokes and hospital deaths), variables for multivariable models were also limited. A multicentre study should be conducted to gain a deeper understanding of this study's results, allowing for a more extensive statistical analysis and revalidating the study's results. The retrospective design of the study should also be pointed out as a limitation.
Data published so far investigate the impact of preoperative stroke or preoperative neurological deficits on outcome, irrespectively of the type of treatment. Because of these heterogenous patient cohorts, comparisons to our study were limited. Nevertheless, this study clearly investigated the impact of postoperative stroke on outcome and mid-term survival.
Follow-up period is limited to a mean of 43 months in our patient cohort. Therefore, conclusions on long-term survival and recovery cannot be drawn at this point in time.
CONCLUSIONS
This study identified preoperative CPR and preoperative malperfusion syndromes as independent predictors for postoperative stroke. Our data clearly explain the burden of postoperative stroke and its association with increased morbidity and postoperative complications.
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